Genomic imprinting in the seed endosperm could be due to unequal parental-genome contribution effects in triploid endosperm tissue that trigger parent-of-origin specific activation and/or silencing of loci prone to genomic imprinting. To determine whether genomic imprinting is triggered by unequal parental-genome contribution effects, we generated a whole-genome transcriptome dataset of F1 hybrid triploid embryos (as mimics of F1 hybrid triploid endosperm). For the vast majority of genes, the parental contributions to their expression levels in the F1 triploid hybrid embryos follow a biallelic and linear expression pattern. While allele-specific expression (ASE) bias was detected, such effects were predominantly parent-of-origin independent. We demonstrate that genomic imprinting is largely absent from F1 triploid embryos, strongly suggesting that neither triploidy nor unequal parental-genome contribution are key triggers of genomic imprinting in plants. However, extensive parental-genome dosage effects on gene expression were observed between the reciprocal F1 hybrid embryos, particularly for genes involved in defence response and nutrient reservoir activity, potentially leading to the seed size differences between reciprocal triploids. We further determined that unequal parental-genome contribution in F1 triploids can lead to overexpression effects that are parent-of-origin dependent, and which are not observed in diploid or tetraploid embryos in which the parental-genome dosage is balanced. Overall, our study demonstrates that neither triploidy nor unequal parental-genome contribution is sufficient to trigger imprinting in plant tissues, suggesting that genomic imprinting is an intrinsic and unique feature of the triploid seed endosperm.
INTRODUCTION
The seed endosperm formed from double fertilization is a unique apomorphy of reproduction in flowering plants and is the source of much of the calories in the human diet. In angiosperms such as Arabidopsis thaliana, the endosperm is triploid and forms from fertilization of a homodiploid central cell in the embryo sac by a sperm nucleus (Baroux et al., 2002; Berger, 2011) . The seed endosperm is widely considered to function as nourishing tissue for the embryo in the seed (Baroux et al., 2002; Lafon-Placette and K€ ohler, 2014) .
Some genes within the seed endosperm of Arabidopsis thaliana and other flowering plants, both monocot and eudicot, have been shown to exhibit an allele-specific expression (ASE) pattern in which the expression level of each parental allele differs depending on whether the allele is maternally or paternally inherited (Garnier et al., 2008; Hsieh et al., 2011; Luo et al., 2011; Waters et al., 2013) . This epigenetic phenomenon is known as genomic imprinting and also found in eutherian mammals where it commonly occurs in the placenta (Garnier et al., 2008; Gutierrez-Marcos et al., 2012; K€ ohler et al., 2012) . Genomic imprinting appears to predominantly occur in the triploid endosperm with very few genes reported as imprinted in the diploid embryo (Raissig et al., 2013; Alonso-Peral et al., 2017) , while imprinting seems to be largely absent from post-germination tissues of the diploid seedling (Zhang and Borevitz, 2009) .
The expression levels of imprinted genes in Arabidopsis thaliana seeds can be disrupted by interploidy crossing of diploid (2x) and tetraploid (4x) parents to generate seed endosperm which is tetraploid or pentaploid (depending on the direction of the cross). For instance, expression levels of the imprinted genes MEDEA and FIS2 are disrupted in F1 seeds produced by these 2x 9 4x and 4x 9 2x crosses (Jullien and Berger, 2010) , which has led to the suggestion that the FIS complex of which the proteins encoded by these imprinted genes can act as a 'ploidy sensor' (Erilova et al., 2009) . In mammals, there is evidence supporting roles for imprinted genes as a barrier to hybridization (Wolf et al., 2014) . In plants, some imprinted paternally expressed genes (iPEGS) in the seed endosperm have been shown to act as post-zygotic hybridization barriers in interploidy crosses, suggesting that some iPEGs could play a role as speciation genes (Kradolfer et al., 2013; Wolff et al., 2015) . Alterations in the overall transcript levels and the maternal versus paternal contributions to overall transcript levels of imprinted genes have also been observed in seed endosperm from intra-and interspecific crosses in tomato (Florez-Rueda et al., 2016) further suggesting a functional role for genomic imprinting in F1 hybrid seed endosperm development (Lafon-Placette and K€ ohler, 2014) .
While genomic imprinting in plants may have arisen due to a parental conflict over resource allocation in the seed (Haig and Westoby, 1991; Garnier et al., 2008) , few phenotypes congruent with this have been reported from plants (Costa et al., 2012) . A wide range of theories has been proposed in relation to the independent emergence of genomic imprinting in mammals and plants (Hurst and McVean, 1998; Garnier et al., 2008; O'Connell et al., 2010) . Amongst these, both the dosage compensation (Iwasa, 1998) and differential dosage (Dilkes and Comai, 2004) theories consider that genomic imprinting can arise at loci which are dosage sensitive. This raises the possibility that genomic imprinting in the triploid endosperm of plant seeds could be due to unequal parental-genome contribution effects affecting a few hundred loci in Arabidopsis, rice and maize (Hsieh et al., 2011; Luo et al., 2011; Waters et al., 2013) .
To test the hypothesis that genomic imprinting arises due to unequal parental-genome contribution effects in triploid F1 plant tissues, we used interploidy crosses in Arabidopsis thaliana to generate reciprocal triploid F1 hybrid embryos which genetically 'mimic' the unequal parentalgenome contribution that occurs in the triploid F1 hybrid endosperm. In this study, using an RNA-sequencing approach, we have tested whether triploid F1 hybrid embryos with an additional maternally derived set of chromosomes (2m:1p) display patterns of genomic imprinting similar to those found in the triploid F1 hybrid endosperm, which has the same parental-genome dosage.
RESULTS
Most genes expressed in triploid F1 hybrid embryos display biallelic expression patterns that are consistent with parental gene dosage Over 350 imprinted genes have been reported in the triploid seed endosperm generated from crosses between different diploid accessions of Arabidopsis thaliana (Gehring et al., 2009 (Gehring et al., , 2011 Hsieh et al., 2011; McKeown et al., 2011; Wolff et al., 2011) . The triploid endosperm contains two sets of maternally inherited chromosomes (2m), and one set of paternally inherited chromosomes (1p) (Baroux et al., 2002) . In contrast, in diploid (1m:1p) tissues of Arabidopsis thaliana, genomic imprinting has been observed for only a handful of genes in embryos (Raissig et al., 2013; Alonso-Peral et al., 2017) , or considered to be largely absent in other studies on embryo and seedling tissues (Zhang and Borevitz, 2009; Gehring et al., 2011; Hsieh et al., 2011; Schon and Nodine, 2017) . To determine whether unequal parental-genome contribution (i.e. 2m:1p genotype) is causal for the genomic imprinting effects that are observed in the triploid seed endosperm, we generated reciprocal triploid embryos (i.e. 2m:1p and also 1m:2p) by crossing tetraploid C24 plants with diploid Col-0. We generated 'maternal-excess' 2m:1p F1 embryos from 4xC24 9 2xCol crosses, and 'paternal excess' 1m:2p F1 embryos from 2xCol 9 4xC24 crosses. The 2m:1p triploid embryos from the 4x 9 2x cross have the same nuclear genotype as 2m:1p triploid endosperm from a 2x 9 2x cross, and hence can be considered as genetic 'mimics' of the triploid endosperm in terms of their parental-genome dosage.
The paternal-excess F1 hybrid triploid embryos displayed a delayed developmental timing compared with the maternal-excess F1 hybrid triploid embryos generated from the reciprocal cross. Hence, to obtain embryos of similar developmental stage for the two reciprocal F1 triploid embryos, we extracted F1 embryos from the 4xC24 9 2xCol cross 7 days after pollination (dap), and F1 embryos for the 2xCol 9 4xC24 cross at 8-9 dap (Figure S1) . From the seed offspring of each reciprocal cross, mid-torpedo stage F1 embryos (Kim et al., 2002) were manually extracted and washed extensively (Hsieh et al., 2011) (see Experimental Procedures) . To investigate parental allelic contribution to the transcriptome of the reciprocal F1 triploid embryos, we conducted high-throughput RNA sequencing of cDNA libraries derived from total RNA extracted from three biological replicates of~300 F1 embryos each. RNA-seq reads allowed the identification and quantification of reads originating from either C24 or Col-0 inherited alleles, based on single nucleotide polymorphism (SNPs) between Col-0 and C24.
To determine whether our embryo RNA-seq dataset contained any possible contamination from seed endosperm or seed coat tissue, we compared the fragments per kilobase of transcript per million reads mapped (fpkm) values of known endosperm-specific (YUC10, AGL92, MEA, FIS2) and seed coat-specific (BAN, TT1, TT12) genes within the triploid embryo sample RNA-seq datasets, and found fpkm values for these endosperm and seed coat specific genes to be insignificant compared with embryo-specific (ABI3, TZF6, PICKLE) genes (Additional file: Table S1 ). In addition, a recent study developed a series of bioinformatic scripts to test for tissue contamination when analysing seed RNAseq datasets (Schon and Nodine, 2017) . We tested our six embryo datasets with the Schon and Nodine (2017) scripts and found no enrichment for any other tissue but the embryo ( Figure S8 ).
As both of the F1 triploid embryos originate from reciprocal crosses between a tetraploid C24 and a diploid Col-0, both types of F1 triploid embryos are genetically equivalent at the nuclear level as they contain two sets of C24 chromosomes and one set of Col-0 genomes. In the absence of any parental effects on expression in the reciprocal F1 triploid embryos (i.e. 2m:1p = 1m:2p), the expected SNP ratio at the transcript level for any biallelically expressed gene should be 66.6% C24 versus 33.3% from Col-0. From out RNA-seq dataset, we detected 12 985 genes with >20 reads containing SNPs between Col-0 and C24, and calculated the relative contribution of Col-0 and C24 alleles to the transcript levels for each of these genes. As shown in Figure 1(a) , the majority of genes containing a SNP between Col-0 and C24 displayed a Col-0 allelic contribution of~33% (see gene counts on right hand side of Figure 1a) , which is consistent with linear expression patterns from both alleles for biallelically expressed genes. When we consider the entire RNA-seq dataset (Figure 1b) , 85% of genes in the reciprocal F1 embryos are biallelically expressed (Col-0 allelic contribution of 33% AE 10%), with a median Col-0 contribution of 34.01% Col-0 alleles in F1 embryos from 2xCol 9 4xC24 crosses and 33.3% Col-0 alleles in F1 embryos from 4xC24 9 2xCol. While our results identify outlier genes with parental effects on Col-0 allele expression contributions (i.e. that deviate significantly from the expected 33.3% Col-0 expression contribution) (Figure 1a ), the vast majority of genes in the reciprocal F1 triploid embryos displayed biallelic expression patterns and are hence were not subject to genomic imprinting. Two previous genome-wide RNA-seq studies on F1 endosperm and embryo tissues from diploid crosses have identified 208 and 126 endosperm-expressed imprinted genes respectively (Gehring et al., 2011; Hsieh et al., 2011) . The RNA-seq analysis of the F1 embryo tissues in these studies either failed to detect any imprinted genes in the embryo (Hsieh et al., 2011) or attributed the detection of 18 candidate imprinted genes in the embryo as false positives (Gehring et al., 2011) . To compare our data obtained in F1 triploid embryos to the Col-0 allele contribution to transcript levels in F1 diploid embryos from these reciprocal 2x 9 2x diploid crosses, we used our bioinformatic pipeline to re-analyse the RNA-seq data, which were generated from such F1 embryos at 7-8 dap (Hsieh et al., 2011) and 6-7 dap (Gehring et al., 2011) (Figure S2 ). Our re-analysis of both of the two previous diploid embryo studies demonstrates that~70-80% of genes display a Col-0 allelic contribution of 50 AE 10%, indicating that slightly more genes in triploid embryos (i.e. 85% of genes) display a biallelic expression pattern than observed in diploid embryo datasets (Gehring et al., 2011; Hsieh et al., 2011) when analysed with the same bioinformatics pipeline. We recognise that differences in RNA-sequencing depth and type, along with the use of different accessions (Ler-0 versus C24) and different stage embryos could explain the minor differences in reciprocal allele contribution to expression levels observed between diploid and triploid embryos datasets.
Almost one-tenth of the genes expressed in the F1 triploid embryos displayed allele-specific expression effects Despite being mostly biallelically expressed in a manner consistent with allele dosage, the transcriptomes of reciprocal F1 triploid embryos did identify a significant proportion of genes whose alleles displayed contributions to overall mRNA levels that were not consistent with the allele dosage for the gene in question. In particular, we submitted our RNA-seq dataset to a binomial test to detect genes whose transcript SNP ratios deviated from the expected 33:66 biallelic distribution and passed our cut-offs for designation of ASE effects (See Methods) (Figure 2 and Table S2 ). Of the 12 985 expressed genes that were common between the two datasets tested (i.e. the reciprocal F1 triploid embryos, 1m:2p versus 2m:1p) tested for allelic expression bias, 11 907 (91.7%) and 11 968 (92.17%) did not deviate from the expected~33:66 SNP ratio in the F1 embryos from the 4xC24 9 2xCol and 2xCol 9 4xC24 cross directions, respectively.
The majority of allele-specific expression bias detected in F1 triploid embryos is parent-of-origin independent Our analysis demonstrates that~1000 genes (8% of the expressed gene set) display a significant ASE bias in the reciprocal F1 triploid embryo datasets. Such ASE bias can occur as a result of cis-effects on expression due to the specific allele, irrespective of whether the allele was maternally or paternally inherited (Zhang and Borevitz, 2009) . Hence, in the case of our F1 triploid embryos one allele can display a 'dominant' expression level that deviates from the expected 33:66 ratio regardless of the parent of origin. In our typology, an allele displaying a 'dominant' ASE bias is a gene whose SNP ratio deviates from an expected 33:66 ratio in an allele-specific manner (e.g. when the C24 allele is significantly expressed at higher than 66% of total transcripts for the gene in both of the F1 reciprocal embryos). In our dataset, we identified 599 (4.6%) genes displaying Col-0 dominant ASE bias and 344 (2.6%) genes displaying C24 ASE bias (Table 1) . Hence,~90% of the genes displaying ASE bias in the F1 triploid embryos are due to 'dominant' ASE bias effects that are parent-of-origin independent.
Genomic imprinting is largely absent in F1 triploid embryos that are genetic 'mimics' of F1 triploid endosperm
The F1 triploid embryos are genetically equivalent at the nuclear level (i.e. both contain two sets of chromosomes from C24 and one set of chromosomes from Col-0). However, the reciprocal F1 triploids are not equivalent in terms of parental contributions, with the maternal-excess F1 triploid (2m:1p) having two sets of C24 chromosomes inherited maternally, while the paternal-excess F1 triploid (1m:2p) has two sets of C24 chromosomes inherited paternally. Genes that are subject to genomic imprinting effects exhibit differential expression depending on whether the inherited allele is of maternal or paternal origin (Garnier et al., 2008) .
Firstly, to identify genes subject to parent-of-origin dependent ASE effects in the reciprocal F1 triploids we screened for genes whose allelic expression ratio deviates from the expected ratio (33:66) in each of the two reciprocal F1 triploids (see Experimental Procedures). In the maternal-excess triploid F1 embryos, we identified 113 genes in which the gene displayed a higher expression level when maternally inherited (0.87% of total), and 14 genes in which the gene displayed a higher expression level when paternally inherited (0.11% of total). In the paternal-excess F1 triploids, 18 genes (0.14%) were identified that were more highly expressed when inherited maternally, while 48 genes (0.37%) were more highly expressed when inherited paternally ( Figure 3 and Tables 1 and S2 ). All of these genes displayed parent-oforigin dependent ASE effects involving a maternal or paternal bias in one of the two reciprocal triploid F1 embryos.
Genes subject to genomic imprinting effects should display differential expression depending on whether the allele is transmitted paternally or maternally in both reciprocal crosses. For instance, an imprinted maternally expressed gene (iMEG) should display higher expression of the maternally inherited allele (irrespective of whether the allele is a Col-0 or C24 allele), whereas the paternally inherited allele should display higher expression levels for an imprinted paternally expressed gene (iPEG) (K€ ohler et al., 2012) . To identify imprinted genes using both of the F1 triploid embryo datasets we used the same cut-off of allelic expression from either the maternally or paternally inherited alleles, while filtering for cases that displayed the same bias in both reciprocal triploids (maternal or paternal bias in both 2x Col 9 4x C24 and 4x C24 and 2x Col). Using this approach we identified seven candidate maternally expressed imprinted genes (iMEGs) and one paternally expressed imprinted gene (iPEG), whose expression is predominantly maternal or paternal in both reciprocal triploids (Additional file: Table S2 ). We validated three out of three genes tested, by QUASEP (Donoghue et al., 2014; McKeown et al., 2014) (iPEG AT4G13495), and Sanger sequencing (iMEGs AT5G59310 and AT5G59845) ( Figure S3 ). Careful examination of the expression pattern of all eight candidate imprinted genes using the Affymetrix ATH1-based Gene Networks in Seed Development database (Belmonte et al., 2013) (http://seedgenenetwork.net/), revealed that six out of the seven candidate iMEGs are identified as strongly expressed in the seed coat, while absent in embryo tissue. A parsimonious explanation for the detection of these six iMEGs in the embryo is that the maternalspecific transcripts detected could be derived from the seed coat, and not from the embryo. Indeed, while our RNA-seq dataset shows a strong enrichment for embryo transcripts (Additional file: Figure S8 ), strongly expressed genes derived from the seed coat and/or endosperm could in principle still be present in our samples in small quantities, leading to the detection of those as false-positive iMEGs. The other candidate iMEG (AT1G14520) and the candidate iPEG (AT4G13495) do not possess ATH1 microarray probes and thus are not present in the Gene Networks in Seed Development database, and could not be tested for tissue-specific enrichment. However, AT4G13495 has previously been identified as an iPEG in the endosperm of Col 9 Ler seeds (Gehring et al., 2011) , and is in the list of relaxed endosperm iPEGs of Schon and Nodine (2017) , indicating a possible origin from the endosperm. Altogether, our data indicates that imprinting is either very rare to non-existent in reciprocal triploid embryos.
Parental-effect gene expression increases in reciprocal F1 embryos are predominantly due to increased expression levels from both parental alleles Gene expression increases in response to hybridity and genome dosage in the reciprocal F1 triploid embryos could either be due to increased expression of one of the two parental alleles, or due to the increased expression from both parental alleles. We identified~16 000 genes that had expression levels >1 fpkm in either one or other of the two reciprocal F1 triploid embryos datasets. Using the Tuxedo protocol (Goff et al., 2012) , we identified 705 differentially expressed genes (DEGs) between the reciprocal F1 triploid embryos (P < 0.05) (Table S3 ). To determine whether the differential expression of genes between the two reciprocal F1 triploids is due to an increase in the expression level of the alleles inherited from one of the two parents, we compared the Col-0 allelic contribution to the overall transcript levels for the 705 DEGs between the reciprocal F1 triploids (P < 0.05). Of those 705 genes that are differentially expressed between the reciprocal F1 triploids, 376 contained a SNP with more than 20 reads, allowing analysis of ASE levels. Of these 376 genes, 258 were more highly expressed in the maternal-excess F1 triploids from the 4xC24 9 2xCol cross, while 118 were more highly expressed in the paternal-excess F1 triploids from the 2xCol 9 4xC24 cross. Figure 4 demonstrates that the Col-0 allelic contributions of the dysregulated genes resemble those of the entire expression dataset (n = 12 985), indicating that on a genome-wide basis the expression differences observed between the reciprocal F1 triploids is not due to higher expression levels from one or other of the parental alleles, but instead to increased or decreased gene expression from both parental alleles in the embryo.
Paternal-excess F1 embryos in hybrid seeds displaying heterosis effects display expression increases that are enriched for genes involved in nutrient reservoirs
In a previous study (Fort et al., 2016) , we demonstrated that interploidy crosses that generate reciprocal F1 triploid embryos displayed opposite heterosis effects on seed size and plant size. Indeed, mature paternal-excess F1 triploid seeds are bigger than maternal-excess F1 triploid seeds in Arabidopsis thaliana (Tiwari et al., 2010; Fort et al., 2016) . Such parent-of-origin effects are proposed to be due to differential timing of endosperm cellularization in reciprocal F1 triploid seeds (Scott et al., 1998) , which could alter the flow of nutrients from the endosperm to the developing embryo (Lafon-Placette and K€ ohler, 2014) . In this study, the reciprocal F1 hybrid seeds displayed different seed size as expected ( Figure S4 ).
To identify embryo-expressed genes whose expression levels could be contributing to the differential growth and size of reciprocal F1 triploid embryos, we identified genes that were differentially expressed between the maternalexcess and paternal-excess F1 triploid embryos. In our dataset, we identified 705 DEGs between the reciprocal F1 triploids (P < 0.05; Table S3 ), with 449 genes showing a fold change >1.5. Of those 449 genes, 246 were overexpressed in the paternal-excess F1 triploid embryos from the 2xCol 9 4xC24 cross, versus 203 overexpressed in the maternal-excess F1 triploid embryos from the 4xC24 9 2xCol cross (Figure 5a ).
Gene ontology analysis (Boyle et al., 2004) revealed significant enrichments in the 246 genes overexpressed in the paternal-excess F1 triploid embryos, and also in the 203 genes overexpressed in the maternal-excess F1 triploid embryos (q < 0.05, fold change >1.5). In both of these datasets there is significant enrichment for the plant stress defence response, particularly biotic stress (Table 2 and Figures S6 and S7 ). Such enrichment is common in polyploid transcriptome datasets (Yu et al., 2010; Donoghue et al., 2014) , possibly reflecting a form of environmental response-derived gene expression changes following changes in ploidy (Casneuf et al., 2006; Jackson and Chen, 2010) . In addition, nutrient reservoir activity and lipid transport are over-represented in the genes overexpressed in the paternal-excess F1 triploid embryos versus the maternal-excess F1 triploid embryos. We demonstrate that 29 of the 65 genes in the gene ontology 'nutrient reservoir activity' are expressed in our F1 triploid embryo dataset with >1 fpkm, with nine of these overexpressed in the paternalexcess F1 triploids derived from the 2xCol 9 4xC24 cross (Figure 5b ). In addition, seven lipid transfer proteins (Arondel et al., 2000) , and four late embryogenesis abundant (LEA) proteins (Hundertmark and Hincha, 2008) were also found to be overexpressed in our F1 triploid embryo dataset.
Genome dosage-specific parent-of-origin effects on gene expression that are not manifest in progeny from balanced parental crosses Parent-of-origin independent genome dosage effects occur when the expression levels of a gene display differences across a ploidy series (e.g. increasing expression levels across a 29 ? 39 ? 49 ploidy series). Parent-of origin Beanplots representing the distribution of Col-0 allelic contribution to transcript levels of the genes in the entire dataset (left, n = 12 985), overexpressed in 4xC24 9 2xCol (middle, n = 258) and overexpressed in 2xCol 9 4xC24 (right, n = 118), for each gene with informative SNPs between Col-0 and C24. Blue and beige represent Col-0 allelic distribution of 4xC24 9 2xCol embryos and 2xCol 9 4xC24 embryos, respectively. Dashed red line represents a biallelic expression of 33.3% Col-0 allelic contribution in triploids. No significant differences were found between gene expression changes and Col-0 allelic contribution (two-way ANOVA, P > 0.05).
dependent genome-dosage effects can occur when expression levels of a gene differ depending on whether the additional set of chromosomes (i.e. genome dosage increase) is inherited maternally or paternally. Of the 446 genes displaying differential expression levels in the maternal or paternal-excess F1 triploid embryos, we independently validated five out of five of these genes (chosen amongst the genes which display the highest fold change expression difference between reciprocal triploids) and confirmed the parental-effect leading to increased expression levels in the paternal-excess F1 triploid embryos (i.e. genes AT1G53282, AT3G16895, AT1G19320, AT4G17215) and maternal-excess F1 triploid embryos (AT2G30766) (Figure S5) [one way analysis of variance (ANOVA) with Tukey's test, P < 0.05]. For expression level increases identified in the paternal-excess (1m:2p) F1 triploids, our results demonstrate that such expression increases uniquely due to a paternally transmitted genome dosage increase, which is not evident when the genome dosage increase is transmitted maternally ( Figure S5 ). Furthermore, our results indicate that the gene expression increases of AT4G17215 in the paternal-excess (1m:2p) F1 triploid embryos are due to unequal parental-genome contributions, as no expression increases are seen in the control F1 tetraploids (2m:2p) F1 embryos, which contain balanced contributions of maternally versus paternally inherited chromosome sets. A similar situation occurs for AT2G30766 that is overexpressed in the maternal-excess F1 triploids embryo (2m:1p), which does not display such overexpression in the balanced (2m:2p) F1 tetraploids embryos ( Figure S5 ). Such expression patterns are consistent with genome dosage-specific parent-of-origin effects on gene expression, that are manifest at a specific ploidy or genome dosage level.
DISCUSSION
Parental-genome dosage is not the primary driver of genomic imprinting effects in plants Plant seeds are complex chimeric structures consisting of tissues with uniparental (e.g. maternal seed coat) and biparental (e.g. endosperm, embryo) genomic contributions. In contrast with the genomic imprinting observed in diploid mammalian tissues, genomic imprinting in plants has been predominantly associated with the triploid seed endosperm (Feil and Berger, 2007) . A range of studies of genomic imprinting in Arabidopsis thaliana have predominantly detected genomic imprinting in the triploid endosperm tissues, with between 41 and 209 endospermimprinted genes identified depending on the study (Gehring et al., 2011; Hsieh et al., 2011; McKeown et al., 2011; Wolff et al., 2011) . In contrast, efforts to identify imprinted genes in diploid embryos have either identified few (e.g. Raissig et al., 2013; Alonso-Peral et al., 2017) or no imprinted genes in diploid tissues (Hsieh et al., 2011) . Similarly, studies of ASE effects in diploid seedlings failed to identify any imprinted genes (Zhang and Borevitz, 2009 ). In addition, the viability of both maternal and paternal haploid plants of Arabidopsis thaliana argues against the existence of embryo-imprinted genes that are essential for the generation of viable plants (Ravi and Chan, 2010) . Such observations support the proposition that genomic (a) (b) Figure 5 . Gene expression differences between reciprocal triploids. (a) Scatterplot of log2 fold change and average gene log10 fpkm between reciprocal triploids. Red dots indicate significantly differentially expressed genes (q < 0.05, fold change >1.5).
(b) Heatmap representing the fpkm values of genes involved in nutrient reservoir activity expressed in our embryo dataset. Genes in red are significantly differentially expressed (adjusted P-value < 0.05, fold change >1.5).
imprinting in plants is predominantly a triploid endosperm-specific phenomenon, with possible functional relevance in relation to seed or reproductive biology for some endosperm-expressed imprinted genes (Friedman, 1995; Baroux et al., 2002 Baroux et al., , 2007 Gutierrez-Marcos et al., 2003) .
As the triploid endosperm has a unique genome dosage composition (i.e. consisting of two sets of maternal chromosomes and one set of paternal chromosomes, 2m:1p) relative to all other tissues and stages in the Arabidopsis life-cycle, we have investigated whether genomic imprinting effects are specifically due to the triploid 2m:1p genotype. To do this we used reciprocal interploidy crosses to generate 2m:1p F1 embryos that can be considered as genetic 'mimics' of the 2m:1p endosperm genotypes arising from reciprocal diploid crosses. Our allele-specific RNA-seq analysis of the reciprocal F1 triploid embryos reveals that the vast majority (~85%) of genes are biallelically expressed in a manner consistent with the relative parental-genome dosage, i.e. 2m:1p (Figure 1 ). Indeed, of the genes that displayed ASE effects between the reciprocal F1 triploid embryos, the vast majority (~90%) displayed 'dominant' parent-of-origin independent ASE effects, in which either the Col-0 or C24 allele deviated from expected expression levels irrespective of whether the allele was maternally or paternally inherited ( Figure 3 and Table 1 ). However, our analysis did identify seven candidate maternally expressed imprinted genes (iMEGs) and one candidate paternally expressed imprinted gene (iPEG) in the reciprocal F1 triploid embryos (Table S2) , which we ultimately discarded as probably false positives due to their seed coat and endosperm expression patterns, respectively. The most stringent analysis of genomic imprinting effects in triploid F1 endosperm (i.e. 2m:1p genotype) from diploid crosses conducted to date has identified 57 highconfidence iMEGs and 67 high-confidence iPEGs, (Schon and Nodine, 2017) . If parental-genome dosage effects were a primary driver of genomic imprinting effects, it could be expected that a similar number (and possibly similar gene sets) of imprinted genes would be observed in triploid endosperm and triploid embryos that have the same 2m:1p genome dosage genotype. However, while the triploid endosperm cellular context contains at least 124 high-confidence imprinted genes (Schon and Nodine, 2017) , the genetically equivalent triploid embryo context does not harbour imprinted genes. This indicates that genome dosage (or unequal parental-genome contribution) is not the primary (or immediate) driver of genomic imprinting effects in triploid plant tissues, and strongly suggests that the triploid seed endosperm (2m:1p) is uniquely sensitive to genomic imprinting effects, in a manner that is not observed in triploid embryos (2m:1p).
Endosperm-specific genomic imprinting can be considered consistent with Haig and Westoby's parental conflict proposition (Haig and Westoby, 1989 ) that maternally and paternally expressed imprinted genes in the nutritive endosperm could be exerting control over nutrient allocation to the embryo, in which the epigenetic landscape of the triploid endosperm could have canalised over time towards harbouring a balanced portfolio of iMEGs and iPEGs controlling seed growth and fitness. However, while interploidy crosses in Arabidopsis thaliana can generate viable seed phenotypes that are consistent with a parental conflict mediated by parental gene dosage effects, some plant species (e.g. maize) cannot generate viable F1 triploid seeds in either cross direction between diploid and tetraploid parents (Birchler, 2014) . In a number of plant species (Arabidopsis, Brassica oleracea, rice), the differential contributions of maternal versus paternal genomes elicit differential seed endosperm phenotypes, in which maternal genome dosage increase inhibits endosperm proliferation while paternal genome dosage increases promote endosperm proliferation (Haig and Westoby, 1991; Erilova et al., 2009; Stoute et al., 2012; Sekine et al., 2013) . Indeed, it is not axiomatic that paternal genome dosage excess leads to endosperm over-proliferation and/or seed abortion, in which significant exceptions exist, e.g. sugar beet (Bosemark, 1971) and Mimulus (Sweigart et al., 2008) . In addition, in maize F1 seed, abortion also occurs in the maternal (Bauer, 2006; Kato and Birchler, 2006) , while crossing experiments with maize translocation lines that generate small kernel effects suggest that dosage-sensitive stoichiometry effects in the endosperm interact with the female gametophyte (Birchler and Hart, 1987) . Taken together, these observations suggest that the endosperm (and seed) failure observed in interploidy crosses may arise as a result of genome dosage effect interactions between the seed endosperm and the female gametophyte (Birchler, 2014) . While some imprinted genes may have functional effects on endosperm development (K€ ohler et al., 2012) , the majority of endosperm-expressed imprinted genes lack evidence that supports functional effects on the seed endosperm (K€ ohler et al., 2012; Wolff et al., 2015) .
Genomic imprinting is absent in triploid F1 embryos of Arabidopsis thaliana
While embryo-imprinted genes (e.g. mee1) have been identified in maize diploid embryos (Jahnke and Scholten, 2009; Scholten, 2010) , some studies in Arabidopsis thaliana have failed to find any evidence of genomic imprinting in diploid embryos (Gehring et al., 2011; Hsieh et al., 2011; Schon and Nodine, 2017) . However, other Arabidopsis thaliana studies have identified a small number of imprinted genes in F1 diploid embryos, ranging from 35 to 55 (Alonso-Peral et al., 2017) to 11 (Raissig et al., 2013) imprinted genes detected. In this study, we did not identify imprinted genes in triploid F1 embryos of Arabidopsis thaliana, as the seven candidate iMEGs and the candidate iPEG we identified are likely derived from seed coat and endosperm transcripts, respectively. The lack of concordance (significant overlap) between the small number of imprinted genes identified in Arabidopsis thaliana embryo studies to date could be due to differences in parental accessions used, developmental stages sample, different bioinformatics pipelines, possible seed coat/endosperm contamination effects and genome dosage effects. It has been highlighted that genomic imprinting in the embryo may be under differential regulatory control to imprinted genes in the endosperm, as genomic imprinting in the embryo would require epigenetic resetting of the imprinted state which is not required for imprinted genes in the endosperm (which is a terminal tissue which does not contribute to the next generation). From a comparative perspective, genomic imprinting in plants embryos would require a similar imprinting cycle as mammalian imprinted genes, involving imprint erasure, resetting and maintenance at each generation cycle. If they exist, the identification of high-confidence embryo-imprinted genes in plants would facilitate comparative investigations with mammalian imprinting systems.
Parental effects on gene expression levels in F1 triploids predominantly arise from both parental alleles
Parental effects on gene expression levels can be due to an increased (or decreased) expression level in one of the parental alleles, or due to increased (or decreased) expression level in both parental alleles. In our study, we determined that 705 genes displayed differential expression levels between the maternal-excess (2m:1p) and paternal-excess (1m:2p) F1 triploid embryos (Table S3 ). The relative parental-allele expression levels for 376 of these genes could be analysed (based on SNPs and reads), which revealed that the parental effects observed were predominantly due to expression level changes from both of the parental alleles ( Figure 4 ). This result demonstrates that, in most cases, the increase in gene expression observed in the reciprocal F1 triploids was due to increased post-fertilization expression of both the maternally and paternally inherited alleles. This finding is consistent with the presence of parent-oforigin specific trans-acting factors (e.g. transcription factors controlled by an upstream cytoplasmic factor, or an imprinted gene) acting to increase or repress the expression of both parental alleles in the post-fertilisation F1 embryo.
Overexpression of genes coding for nutrient reservoir activity as a possible mechanism for the increased seed size of paternal-excess triploid F1 seeds
Seed size in plants is controlled by growth of both maternal (e.g. seed coat) and post-fertilisation (endosperm, embryo) tissues. Several maternal and endosperm signalling pathways controlling seed size have been identified (e.g. IKU pathway, ubiquitin-proteasome pathway, G-protein signalling, the mitogen-activated protein kinase signalling pathway, phytohormones and transcriptional regulatory factors) (Orozco-Arroyo et al., 2015) . While very few embryo-expressed genes (e.g. ARF2, DA1, EOD1) that influence seed size have been identified, their presence highlights that embryo-expressed genes can influence seed size in Arabidopsis thaliana (Okushima et al., 2005; Schruff et al., 2006; Li et al., 2008; Xia et al., 2013) . In the interploidy cross used in our study, the paternal-excess F1 triploid embryos display positive heterosis effects relating to embryo size and negative heterosis effects relative to developmental growth, relative to the maternal-excess F1 triploid embryos ( Figure S1 ). We have identified 246 genes that are overexpressed in the paternal-excess F1 triploid embryo, and 203 overexpressed in the maternal-excess F1 triploid embryo (Table S3) . Gene ontology analysis revealed that there is enrichment for genes involved in lipid transport and nutrient reservoir activity in the 246 genes overexpressed in the paternal-excess F1 triploid embryo (Figure 5a ). For instance, the five 2S albumin genes (van der Klei et al., 1993) are overexpressed in the 2xCol 9 4xC24 F1 embryos, along with two of the four 12S cruciferin genes CRUCIFERIN B (AT1G03880) and CUPIN (AT1G03890) (Pang et al., 1988) , the two major classes of seed storage proteins in Arabidopsis thaliana. These genes are involved in storage of amino acids for future longevity, germination and seedling growth of the developing embryo (Shewry et al., 1995; Nguyen et al., 2015) . We consider that the enrichment of nutrient reservoir activity in the genes overexpressed in paternal-excess triploid F1 embryos could be functionally linked with the heterotic phenotype of paternal-excess F1 triploids (Fort et al., 2016) , manifest as increased F1 seed size and seedling size compared with F1 offspring from the reciprocal 4xC24 9 2xCol cross. While our gene expression analysis of ASE is necessarily based on a hybrid system, the similar phenotypes observed for F1 triploid seed size heterosis effects in isogenic and hybrid crosses of Arabidopsis thaliana is suggestive of a conserved molecular basis (Miller et al., 2012; Fort et al., 2016) .
Identification of parent of origin effects on gene expression that are genome-dosage specific
In a ploidy series consisting of diploids, triploids and tetraploids in the same genetic background, the dosage of each gene in the genome differs in a 29 ? 39 ? 49 series. If gene expression levels scale in most instances in a largely linear manner, it could be expected that RNA levels would increase accordingly across the 29 ? 39 ? 49 ploidy series. In addition, it could be expected that reciprocal F1 triploids (i.e. 2m:1p versus 1m:2p) that are genetically identical with the same allelic dosage (i.e. only differing in relation to parental-genome dosage) should display equivalent expression levels, in the absence of any parent-of-origin effects on expression levels in the F1 triploid embryos.
However, our data demonstrate that there are significant parental effects on expression levels (i.e. on 449 genes with a fold change > 1.5) between the maternal-excess (2m:1p) and paternal-excess (1m:2p) F1 triploid embryos (Table S3 ). As our RNA-seq experiments involved comparisons between reciprocal F1 triploid embryos, it was not possible to ascertain whether the basal level of expression for the 2m:1p versus 1m:2p genotypes was the high or low value. We considered it important to determine whether gene expression was either being increased or decreased in one of the two parental-excess F1 triploid genotypes we investigated. Hence, we investigated the expression levels at the diploid (1m:1p) and tetraploid (2m:2p) levels for five genes (out of 449 in total with fold change >1.5) that were most differentially expressed between the reciprocal F1 triploid embryos ( Figure S5 ). Our results reveal that the differential expression observed in the reciprocal F1 triploids is due to overexpression effects in one of the reciprocal F1 triploids, that is not observed at the diploid or tetraploid levels ( Figure S5 ). For instance, the expression level of AT4G17215 is dramatically increased in the paternal-excess F1 triploid embryos (1m:2p) compared with the maternalexcess (2m:1p). Indeed, the corresponding diploid (1m:1p), maternal-excess (2m:1p) and tetraploid (2m:2p) have equivalent low levels of expression, in which the elevated expression level is only observed in the F1 triploid (1m:2p). A similar scenario was observed for the five genes that displayed differential expression between reciprocal F1 triploid embryos. Our data highlight the existence of genes whose expression levels at a particular ploidy (genome dosage) level are sensitive to unequal parental-genome contributions. The mechanism underlying such genomedosage specific parent-of-origin effects on gene expression is unknown, including the extent to which such genome dosage-specific parent-of-origin effects occur on gene expression. Further studies using additional accessions, mutant lines and using promoter:reporter fusion constructs will help determine whether such effects are prevalent and whether they have any functional consequences.
In conclusion, in this study, we investigated the allelespecific transcriptome levels of reciprocal F1 triploid embryos to determine whether genomic imprinting is triggered in F1 triploid embryos that have the same triploid genotype and unequal parental-genome contributions as the F1 seed endosperm. Our results demonstrate that the contribution of the parental alleles to the transcriptome levels in F1 triploid embryos is largely biallelic and linear, with 66.6% of the transcripts for any given gene coming from the tetraploid parent, and 33.3% from the diploid parent. While almost one-tenth of the genes tested displayed ASE effects, these were predominantly parent-of-origin independent. By constructing F1 triploid embryos that were genetic 'mimics' of the triploid endosperm (i.e. with a 2m:1p unequal parental-genome contribution) we determined that genomic imprinting is largely absent from 2m:1p triploid embryos. This finding strongly suggests that genomic imprinting in the triploid endosperm of flowering plants is not due to triploidy or unequal parental-genome contribution, and is more likely to be an intrinsic epigenetic feature of the seed endosperm tissue itself (Gehring and Satyaki, 2017) .
Previous studies have shown a strong parent-of-origin effect on seed size, seedling size and plant size between reciprocal triploids (Scott et al., 1998; Miller et al., 2012; Fort et al., 2016) . While unbalanced ploidy crosses have been associated with defects in endosperm development and imprinted gene expression (Kang et al., 2008; Jullien and Berger, 2010; Wolff et al., 2015) , little information is known of their effects on the embryo. Here, we have quantified gene expression differences in the transcriptome of reciprocal triploid embryos. We found gene ontology enrichment in two main categories: defence responses and nutrient reservoir activity. The up-regulation of seed storage protein genes in the paternal-excess triploid embryos could be either intrinsic or linked to endosperm development controlling flow of nutrients towards the developing embryo (Lafon-Placette and K€ ohler, 2014) , potentially leading to the increased seed size of paternal-excess triploids.
The reciprocal F1 triploid embryos used in our study were genetically identical F1 triploid hybrids between Col-0 (2x) and C24 (4x) that differed according to whether the additional (third) set of chromosomes was inherited maternally or paternally (i.e. 2m:1p versus 1m:2p). This situation allowed the identification of over 700 genes that are differentially expressed between the two triploid genotypes, in which the differential expression is due to post-fertilisation parental-genome dosage effects that act on both parental alleles in the F1 embryo. We further demonstrate that parental-genome dosage overexpression effects occur in one or other of the reciprocal F1 triploids that are not present in the diploid and tetraploid parental lines.
In conclusion, while imprinting in the seed endosperm can be affected by unequal parental-genome contribution, and can potentially affect seed development through the action of imprinted genes, neither triploidy nor parentalgenome dosage per se is responsible for triggering genomic imprinting in Arabidopsis thaliana.
EXPERIMENTAL PROCEDURES
Plant materials and growth conditions C24 and Col-0 diploid (2x) and tetraploid (4x) seeds, selfed for at least six generations after colchicine treatment, were the kind gift of Luca Comai (University of Washington). Crosses were generated by manually crossing 2-day-old emasculated diploid or tetraploid flowers with diploid or tetraploid pollen under a Leica MZ6 dissection microscope using Dumont No. 5 tweezers. C24 was used as the tetraploid parent as C24 displays a marginal triploid block, compared with Col-0, which causes >70% seed abortion when used as tetraploid pollen parent (Scott et al., 1998; BurkartWaco et al., 2013) .
For the embryo extraction, developing seeds of the corresponding crosses have been carefully manually dissected at the torpedo/linear cotyledon stage (7 dap for 4xC24 9 2xCol and diploid and tetraploid crosses and 8-9 dap in for 2xCol 9 4xC24) on a microscope slide in a drop of 300 mM sorbitol and 5 mM MES, pH 5.7. After dissection, embryos were washed five times in the sorbitol/MES solution to remove seed coat and endosperm contaminants, and flash frozen in liquid nitrogen. Three biological replicates containing~300 embryos each from at least three maternal plants were used for RNA extraction.
RNA extraction and qRT-PCR analysis
Total RNAs were extracted using Bioline ISOLATE Plant RNA kit following manufacturer's instructions, and the isolated RNAs treated with DNase1 (Sigma). Subsequently, RNAs were either subjected to cDNA synthesis using the Fermentas H-minus First strand cDNA synthesis kit, or for RNA-sequencing experiments, 1 lg of total RNA was sent to GATC Biotech AG (Germany) for Illumina 100 bp paired-end sequencing following ribosomal RNA depletion.
qRT-PCR experiments were performed with three biological replicates and three technical triplicates using Bioline Sybr sensimix in a 5-ll total reaction volume, and run on a Bio-Rad CFX thermocycler. ACTIN2 (At3g18780) was used as reference gene. Quantification was performed using the relative expression level method (Simon, 2003) . The list of primers can be found in Table S4 .
QUASEP analysis
For the pyrosequencing experiments, we used QIAGEN PyroMark Gold Q24 reagents, and a QIAGEN PyroMark Q24 pyrosequencing machine, following the manufacturer's instruction, using the protocol described in McKeown et al. (2014) .
RNA-sequencing analysis
High-throughput sequencing and data filtering. Short-read paired-end data (read size 100 bp and insert-size 150 bp) were generated for both samples (4xC24 9 2xCol and 2xCol 9 4xC24) with three biological replicates. Low-quality bases from both the 5 0 -end and 3 0 -end of the reads were trimmed using the FASTXToolkit (http://hannonlab.cshl.edu/fastx_toolkit). Bases with an error rate >1% (Phred score <20) were considered as low-quality.
SNP data. SNP information between Col-0 and C24 were downloaded from the 1001 genome website (Schneeberger et al., 2011) . SNP coordinates were translated from TAIR8 to TAIR10 using the translate_tair8.pl script provided on the 1001 genome website (http://1001genomes.org/data/software/translate_tair8).
Mapping reads on Col-0 and C24 genomes. A major technical challenge with identification of ASE is reference bias that can be defined as the effect when the reads possessing the reference allele map better than the reads carrying the non-reference allele (Wang and Clark, 2014) . To overcome this problem, we have mapped short-read data on both Col-0 and C24 genomes. Allelespecific expression can be measured by RNA-seq by assigning reads to the individual alleles. Genes with expression deviation from the expected ratio can be classified as either having higher paternal expression or maternal expression.
Paired-end reads for both the maternal-excess and paternalexcess samples were mapped to both Col-0 (TAIR10) and C24 genomes using TopHat 1.4.1 (Trapnell et al., 2009) . C24 genome was downloaded from the 1001 genome website. Read mapping was done using the default mapping criteria in TopHat (and -mateinner-dist -50 bp as per our dataset). Samtools package (Li et al., 2009) were used to do the downstream analysis. A custom-made python script (utilizing pysam python module https://code.goo gle.com/archive/p/pysam/) was used to calculate the number of reads representing reference and non-reference SNP. If a gene contained multiple SNPs then the grand total of all the reads containing reference and non-reference SNPs were considered as the expression frequency of that gene. Only genes with total expression frequency greater than 20 reads were considered for further analysis. Any SNP with a read depth less than 10 was discarded.
Determining allele-specific expression. The flowchart used for determining ASE is described in Figure 2 . First, genes with less than 20 informative reads (reads containing at least one SNP between C24 and Col) were discarded. Next, for each gene and sample (maternal-excess and paternal excess), we performed a binomial one-tailed test under the null hypotheses 2m:1p in case of maternal excess (4xC24 9 2xCol) and 1m:2p in case of paternal excess (2xCol 9 4xC24). Multiple correction was done using q-values (Dabney and Storey, 2015) , and only genes displaying a parental allelic deviation with a q-value below 0.05 were retained for allele-specific analysis. However, as described in (Gehring et al., 2011) , with increasing read numbers, a parental bias can be detected as strongly significant despite deviating only marginally from the expected 33.3/66.6 allelic distribution (for example the gene AT5G54770 is found significantly paternally biased in 2xCol 9 4xC24 samples (q = 1.66 9 10 À104 ) while showing a 31/69 allelic contribution ratio. Hence we applied a cut-off of 10% parental deviation from the expected ratio before questioning allele-specific expression (i.e. that any gene showing a Col-0 contribution between 23 and 43% of total transcript level is counted as biallelic, regardless of q-values). Second, any gene passing the previous thresholds displaying a maternal bias in one triploid and a paternal in the reciprocal triploid were counted as dominant, as the bias detected is specific to the allele and not the parent of origin. Next, to account for the presence of unbalanced genomes in triploids, we applied the same cut-off as (Hsieh et al., 2011) for detection of parent-of-origin specific bias. Namely, that any gene showing: (i) four-fold increase in read counts from the tetraploid parent over the diploid parent; and/or (ii) 1.5-fold increase in reads counts form the diploid parent versus the tetraploid parent, were detected as parentally biased. Finally, any gene passing those thresholds and parentally biased in the same direction in both reciprocal triploids were identified as candidate imprinted (Figure 2 ).
Expression analysis. The differential expression of the genes has been identified using the Tuxedo protocol (Goff et al., 2012) with the mapped bam files and Araport11 gtf annotation file (https://www.araport.org/data/araport11). DEGs were identified using the cummeRbund package (Goff et al., 2012) . Gene ontology enrichment was performed using the GO term enrichment tool from AmiGO (http://amigo1.geneontology.org/cgi-bin/amigo/te rm_enrichment) (Boyle et al., 2004) .
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